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INTRODUCTION 
Earlier [ 1] we described an experimental procedure aimed at exarnining the spatial and 
temporal distribution of energy dissipation during crack initiation and propagation in a 
ductile polymer. The experiment combines a table-top tensile tester and an infrared imaging 
system. Because of the intense heating of the crack tip region, direct observation of the 
temperature rise not only provides an accurate measurement of the position of the crack tip, 
and thus the propagation velocity, but also much information for the analysis of plastic 
deformation, energy conversion, and evaluation ofthermal properties of polymer materials. 
In the present paper, we will present an analysis of the energy balance in such 
measurements. 
The experimental technique was described in detail earlier [1]. To summarize, a table-
top tensile testing machine was used to pull a sample such as is shown in Fig. 1 at constant 
pulling speed, while imaging its surface temperature with a focal-plane-array camera in the 
3J.lm-5J.lm spectral region of the infrared. The experiments were carried out at room 
temperature, 27 °C, with single-notched specimens of rubber-modified polystyrene, whose 
important physical dimensions are shown schematically in Fig. 1. Simultaneous stress-
strain measurements were taken for the specimens. Examples of stress-strain curves are 
shown for three pulling speeds in Fig. 2. 
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Fig. 1 Schematic diagram of the test specimens used in the experiments. For the rubber-
modified polystyrene samples described below, W=l2mm, L=32mm, b=2mm, and the 
thickness of the specimen is 0.7mm. 
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Fig. 2 Load versus displacement curves for rubber-modified polystyrene samples shown 
schematically in Fig. I. 
RESULTS 
A typical IR image of the surface temperature of the specimen during the propagation 
of the crack is shown in Fig. 3. The temperature is highest at the crack tip, and is 
surrounded by a region of plastic deformation, whose temperature is also above the 
background. To describe this behavior, we consider the thermoelastic equation for a 
uniform material with thermal conductivity k, coefficient ofthermal expansion a, Lame 
constant and shear modulus, A and J.l, respectively, density, p, and specific heat capacity, c. 
Designating the temperature as T, stress and strain as cr,J and E,J, respectively, and using a 
dot to designate the time derivative, we can write 
(1) 
In Eq. (1), the first term represents the thermal conduction in the specimen, the second term 
the elastic energy term (a negative term when a is positive), and the last term the inelastic 
energy, where f is an empirical fraction of the plastic work which is dissipated as heat. 
Following the literature, [2] we have divided the displacement into an elastic displacement 
term, E~, and a plastic displacement term, E~. Typical values for parameter f which are 
found in the Iiterature range from 0.6 to 0.8. [3] If, as in the case of the thermally 
insulating polymers studied here, the first term in Eq. (1) can be neglected, we have 
If we make the further assumption that after the crack has initiated, 
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Fig. 3 IR image of a rubber-modified polystyrene specimen, such as is sketched in Fig. 1. 
This image was taken during the propagation of the crack and shows the heated 
surrounding the crack, with the peak temperature at the crack tip. 
Using the full-field images of surface temperature, an example of which is illustrated 
in Fig. 3, we can carry out the following experimental integration for comparison with the 
mechanical work. We Iet Q represent the quantity, 
Q= Jpc flTdV. (5) 
Wehave carried out this experimental integration of Eq. (5), frame by frame, for a set 
of images taken while pulling rubber-modified polystyrene specimens to failure at three 
different pulling speeds. The results are shown in Fig. 4. It should be noted that each of 
the three specimens cool at short times (in the elastic region - compare with Fig. 2). This 
cooling is an indication of the fact that, in the elastic region, the inequality of Eq. (3) is 
actually reversed. 
lf we consider the formation and propagation of the cracktobe sufficiently fast as to 
be adiabatic, the mechanical work done during the extension of the specimen is converted 
into intemal energy of the specimen, which we write as the sum of three terms: a surface 
energy, required to generate the new crack surface; energy associated with plastic and 
elastic deformation; and the kinetic energy associated with the propagation of the crack 
through the specimen, i.e. 
(6) 
The surface energy and kinetic energy terms have been estimated and are negligible 
for these experiments. The extemal work can be estimated by integrating the data shown in 
Fig. 2, and the change in intemal energy associated with the deformation of the sample can 
be estimated from the maximum value of Q from Fig. 4. The results of these estimates are 
plottedas a function of pulling speed in Fig. 5. It can be seen from Fig. 5 that Q is 
essentially constant, and that the extemal work for fracture, W1 , is consistently higher than 
Q, and increases with increasing pulling speed. This effect is not understood at present, 
but may be related to some neglected effect. A possibility is additional surface energy 
associated with crazing of the material. [ 1] 
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Fig. 4 Evaluation of Eq. (5) frame-by-frame for the IR images of rubber-modified 
polystyrene, pulled to failure at three different pulling speeds. It should be noted that each 
of the three specimens cool at short times (in the elastic region - compare with Fig. 2). 
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Fig. 5 Comparison of extemal work with the estimated change of intemal energy from 
Eq. (6). These estimates of work (Wt) and intemal energy (Q,) correspond to the total 
work done on the specimen to fracture it, and the maximum value of Q from Eq. (5). 
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